Using energy-filtered transmission electron microscopy we measured surface-plasmon resonances of gold nanoplatelets with different shapes and edge lengths at high spatial resolution. We find equidistant maxima of the energy-loss probability along the platelet edges. The plasmon dispersion of the different geometries is very similar, i.e., hardly dependent on specimen shape. The experimental results are verified by means of finite-difference time-domain calculations which reveal the presence of wedge-plasmon polaritons propagating along the platelet edges. At platelet corners, apart from radiative losses, wedge-plasmon polaritons are partially reflected or transmitted to neighboring edges. The interference of all these contributions leads to the observed plasmon resonance modes. This is an essential step towards a thorough understanding of plasmon eigenmodes in prismatic nanoplatelets.
I. INTRODUCTION
Coherent oscillations of electrons at metal surfaces excited by external electromagnetic radiation are called surface plasmons. A condition for the occurrence of surface plasmons is that at the frequency ω of the exciting radiation the dielectric function of the material satisfies the condition Im[ε(ω)] Re[−ε(ω)]. 1 In the case of confined surfaces, as is the case for small metal particles, surface-plasmon resonances (SPRs) may occur, the shape and resonance frequency of which are also defined by the particle geometry. Noble metal nanoparticles with sizes smaller than the wavelength of the excited radiation can support localized surface-plasmon resonances and exhibit optical properties enabling a variety of applications, including surface-enhanced Raman spectroscopy (SERS), 2, 3 chemical and biological sensing, 4,5 lithographic fabrication, 6, 7 plasmonic waveguides, 8 and second-harmonic generation. 9 Recent investigations in the field of plasmonics have focused on metal nanostructures substantially smaller than the wavelength of light. Consequently, the optical response reflects the properties of the local electric field at the particle and has a predominantly dipole character which can be optimized by manipulating the system geometry. [10] [11] [12] By increasing the particle size, the optical excitation of higherorder harmonics, i.e., multipolar plasmon resonances, becomes possible and significantly modifies the optical properties. 13, 14 Multipolar surface-plasmon modes were demonstrated spectrally in the visible and near-infrared regions; 15, 16 meanwhile, correlated theoretical approaches were developed. 17, 18 In the long-wavelength regime where the surface-plasmon dispersion is close to the light line, the combined excitation consisting of a surface plasmon and an electromagnetic wave is called a surface-plasmon polariton (SPP). [19] [20] [21] SPPs have attracted considerable attention due to their potential applications in optical circuits and optical computers.
Surface-plasmon resonance phenomena have been widely studied using optical approaches such as scanning near-field optical microscopy and dark-field spectroscopy. 12, 22 Measuring small energy losses of fast electrons in a transmission electron microscope (TEM) provides an alternative access to investigate local SPRs with high spatial resolution by using a focused electron beam. [23] [24] [25] The combination of scanning transmission electron microscopy (STEM) with electron-energy-loss spectroscopy (EELS) allows plasmon mapping at a spatial resolution better than λ/40. With the advent of high-performance electron monochromators and in-column energy filters, energy-filtering transmission electron microscopy (EFTEM) utilizing a broad electron beam and parallel acquisition in the low energy-loss range, has emerged as a technique that offers rapid data collection and outstanding spatial sampling. [26] [27] [28] Here we demonstrate mapping of plasmon resonances at the surfaces of ∼70-nm-thick single-crystalline gold nanoplatelets fabricated by a solution-phase microwave-mediated method using the EFTEM approach. The spatial distribution of the resonances up to fourth order was revealed on triangular, truncated-triangular, and hexagonal nanoplatelets. We found that the dispersion relationships for the different geometries are very similar and depend mainly on the length of the platelet sides. Finite-difference time-domain (FDTD) calculations show that this is due to the occurrence of wedge plasmons along the nanoparticle rim.
II. EXPERIMENT
Triangular noble metal nanoplatelets and snipped triangular nanoplatelets were prepared by either solution-phase lightmediated syntheses or thermal growth techniques. [29] [30] [31] [32] [33] Here we use the fabrication of Au nanoplatelets and truncated nanoplatelets by a microwave-mediated method. 0.5 ml of 0.1 M HAuCl 4 (chloroauric acid) aqueous solution was prepared in a teflon bottle followed by adding 0.144 g of glucose and 0.03 g of polyvinylpyrrolidone (PVP, molecular weight ≈ 30 000) to the solution. The mixture was dissolved in 15 ml of EG (ethylene glycol) solution and stirred for 5 min to form a solution yellowish in color. The solution was subsequently exposed to microwave irradiation in a household microwave oven (Galanz: G80D23CSL-Q6). The total reaction time was 10 min at an average power of 250 W. After the process, the color of the solution had noticeably changed to reddish-brown. The final product solution was then centrifuged at 13 000 rpm for 10 min before washing three times in distilled water and ethanol, consecutively.
Specimens of single-crystalline Au nanoplatelets for TEM investigation were drop coated on 30-nm-thick silicon nitride membranes. EFTEM and EELS experiments were performed using the Zeiss Sub-eV-Sub-Ångstrom-Microscope (SESAM) (Carl Zeiss, Oberkochen, Germany) equipped with an electrostatic -type monochromator and an in-column MANDO-LINE filter offering very high dispersion of the energy-loss spectrum. The SESAM microscope delivers outstanding stability and electron optical performance which allows valence EELS and valence EFTEM experiments with both high energy and high spatial resolution to be performed. [34] [35] [36] The energy resolution of the microscope defined by the full width at half maximum of the elastic zero-loss peak is below 90 meV for routine applications and has already been demonstrated to be smaller than 50 meV. 37 The in-column MANDO-LINE filter provides high dispersion, high transmissivity, and high isochromaticity allowing the selection of very small energy-loss windows (<0.2 eV) for diffraction and imaging applications. 38 Besides a significant enhancement of the energy resolution, the main benefit of using monochromated electrons involves a sharp drop of the intensity from the zero-loss peak tail, enabling the detection of spectral features in the UV-visible-near-infrared domain without any numerical processing. A series of energy-filtered images from 0.4 to 3.0 eV energy loss (corresponding to wavelengths from 400 to 3000 nm) were acquired with a collection of semiangles of 6 mrad and an energy-selecting window of 0.2 eV; thus two-dimensional spatial distributions of SPRs in the energy range of interest can be mapped close to nm resolution. Specimen thickness was determined by EELS from the ratio of zero-loss intensity and total spectral intensity.
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III. THREE-DIMENSIONAL-FDTD SIMULATION
Three-dimensional finite-difference time-domain (3D-FDTD) calculations were used to verify the obtained experimental data. The codes were developed at the Photonics Research Laboratory, Tehran. 40, 41 For these calculations the simulation domain was discretized with cubic cells having an edge length of 5 nm. The second-order absorbing boundary condition was exploited to terminate the simulation domain. Moreover, additive sources in the form of either harmonic plane waves or focused wideband Ricker wavelets 42 were used to obtain the modal field profiles or resonance spectra, respectively. The maximum number of time steps in our simulation was 2 × 10 4 . In order to compute the resonance spectra, the integral intensity of the electric field over the samples was computed. For the Au permittivity we used a Drude model extended by two critical-point functions 43 in order to account for intra-and interband transitions. This model is in close agreement with experimental data.
In order to compute the propagation constant of the wedgeplasmon mode, we have considered a semi-infinite gold edge with an opening angle of 90
• , as shown in Fig. 1 . An additive source point was introduced in the form of a Ricker-wavelet temporal function at the position depicted in Fig. 1 . This source gives rise to two plasmonic waves propagating along the wedges. The electromagnetic field components are computed at two introduced test points with the locations depicted in where ϕ ( p i ) is an arbitrary electric-or magnetic-field component at the observation point defined by p i , and γ is the complex propagation constant of the wedge-plasmon mode. Using Eq. (1), one can define a search function for computing γ :
The phase and attenuation constants of the wedge-plasmon mode are found by searching for the zeros of F (γ ) in the complex γ plane.
A similar approach has been used for computing the transmission (T) and reflection (R) coefficients of Table I . As shown in Fig. 2 , two wedges meeting at an arbitrary angle have been considered. To excite the wedge-plasmon mode, an indentation was introduced, and a harmonic point source was located just upon the indentation. In order to calculate transmitted (P 2 ) and reflected (P 1 ) powers two planes were defined cutting the edges at positions marked by dashed lines in Fig. 2(a) . These planes are normal to the wave vector of the wedge-plasmon mode. In order to distinguish between the reflected and incident power, a calibration technique is used as shown in Fig. 2(b) . For this, a semi-infinite plane is considered with the same indentation and harmonic source as in Fig. 2(a) . Then the power passing through the positions P 3 and P 4 [ Fig. 2(b) ] is computed. Using the computed powers, the T and R coefficients are computed as T = P 2 /P 4 and R = 1 − P 1 /P 3 at each energy.
IV. RESULTS AND DISCUSSION
The thickness of the three nanoplatelets was determined as (70 ± 15) nm, which was constant throughout the structures. This implies that coupling between the two horizontal surfaces through the bulk is negligibly small since the typical skin depth for Au is about 20-25 nm in the energy range studied here. The particles are single crystalline, which is of importance for achieving large surface-plasmon propagation lengths. 44 Energy-filtered images of the nanoplatelets are shown in Figs. 3(a)-3(c) . The intensities are color coded for better visibility, and are proportional to the z-projected local photonic density of states. 45 The experimental geometry is shown in Fig. 4(c) . For all particles multiple-order plasmon resonances are clearly discernible. For the case of the triangular platelet shown in Fig. 3(a) , the intensity along the upper right edge is plotted in Fig. 5 
TABLE I. Power transmission (T) and reflection (R) coefficients at platelet corners making a 60
• and 120
• angle, respectively. The numbers were obtained by FDTD at different energies (see Fig. 2  and text) . In order to identify the origin of the observed plasmon modes we compare experimental and calculated dispersion curves. We interpret the separation of the equidistant field maxima as half a wavelength of the propagating plasmon. The measured plasmon dispersions are shown in Fig. 6 . Because of the very similar dispersion, hexagonal symbols were used for both the truncated triangle and the hexagon. Triangular symbols are used for the triangle. Calculated dispersion curves are shown for the Au nanoplatelet with and without the thin Si 3 N 4 membrane. We can distinguish two categories of dispersion curves. For the case of an infinitely extended Au film on a thin Si 3 N 4 substrate there is a plasmon located at the interface (lower green line) and another one with field maxima on the Au surface (upper green line). Both are far from the experimental data. Secondly, dispersions of plasmon modes running along the wedges of the nanoparticles (red lines) are shown, both for a freestanding Au film and a Au film on a thin Si 3 N 4 substrate. These latter two dispersion curves are close to each other, which means that the thin Si 3 N 4 substrate has only little influence on these modes. Most importantly, they are much closer to the experimental data than the pure interface and surface plasmons. The remaining discrepancies can possibly be explained by subtle differences between the real wedge shape and the one used in the simulation. These results are strong evidence that it is these wedge-plasmon modes that we observe in our experiments. From the inset in Fig. 6 one can clearly see that the field maxima of the wedge plasmons are located at the upper and lower wedges. 46, 47 This is not unexpected since it is well known that structural discontinuities are always connected with local field enhancement.
In order to calculate the field distributions of the plasmon eigenmodes along the wedges, a circularly polarized excitation was used in the FDTD calculations and response fields at different z positions were incoherently summed up. Since the electric-field distribution around the fast electron is azimuthally isotropic the excitation by a circularly polarized electromagnetic wave resembles the EFTEM experiment much better than the excitation by a linearly polarized wave. The situation of the EFTEM experiment can then be modeled by incoherently integrating the response of the system for one full rotation of the wave's polarization. Both EFTEM and FDTD probe the same set of eigenmodes, i.e., we expect qualitatively the same results, though not quantitatively. This is confirmed by the spatial field distributions [ Fig. 4(b) ] and the mode profiles along the edge of the triangle [ Fig. 5(b) ], which both show a remarkable resemblance to the experimental data [ Figs. 4(a) and 5(a) ].
An important advantage of FDTD is that the dynamics of plasmon propagation can be analyzed. This gives us further important insight into the nature of the resonant plasmonic wedge modes. For this purpose, calculations with wideband local excitations in the form of Ricker-wavelet point sources were performed for the case of the triangular platelet. The locations of the point sources have been chosen in such a way as to distinguish between symmetric and antisymmetric modes, as depicted in the inset of Fig. 7(a) . In Figs the field distribution is shown for each resonance energy at an arbitrary time, for both top and side cross sections. In order to gain further insight into the propagation of the wedge-plasmon modes we performed FDTD calculations with local excitations at various wavelengths for the case of the triangular platelet. In Fig. 7 the field distribution is shown at each wavelength (energy). It is obvious that the wedge plasmons propagate ("transmit") around the corner of the triangle. In the case of complete transmission this effect would lead to whispering gallery modes, if the condition i,j γ L i + ϕ tr,j = n2π is met, where γ is the propagation constant, L i are the edge lengths of the platelet, and φ tr, j is the phase change when the polariton propagates across the edge. In the case of complete reflection, Fabry-Pérot modes 21 are excited if 2γ L + γ left + γ right = n2π , where L is the edge length and ϕ right and ϕ left are the phase changes upon reflection at the two boundaries of the edge. However, our calculations show that transmission and reflection coefficients are less than unity (Table I) , i.e., we neither have the situation of a whispering gallery mode nor of a Fabry-Pérot resonator. Furthermore, we found that the sum of reflected and transmitted intensities is not equal to the excited intensity, which means that there are radiative losses at the corners. Such radiative losses at pointlike discontinuities are well known. The fractions of transmitted and reflected intensities depend on plasmon energy, as is shown in Table I . The main conclusion of these FDTD calculations is that the observed resonant behavior of the nanoplatelets originates from the interference of excited, reflected, and transmitted wedge SPPs. The relative importance of the individual contributions will depend on the size, thickness (because of coupling effects), and shape of the nanoplatelet as well as on the resonance energy.
Our interpretation of the plasmonic response of nanoplatelets became possible by the study of large nanoplatelets exhibiting multiple field maxima along their edges. In earlier studies SPRs were shown in triangular nanoplatelets 24, 48 which had a circumference smaller than the resonance wavelength. Only a single field maximum along the edge was found in these studies. These SPRs are quasistatic eigenmodes of the triangles. In the present study, and also in Ref. 26 , larger nanoplatelets were studied which allow us to detect modes with more than one maximum. Our simulations verify that this phenomenon is due to the propagating nature of SPPs along the nanoplatelet wedges. This reveals a transition from an SPR-to SPP-dominated regime when the particle circumference becomes comparable to the resonance wavelength. Finally, we should mention that surface plasmons are also excited on the top and bottom surfaces of the nanoplatelets. However, these are much weaker than the wedge plasmons. The analysis of these modes will be addressed in an upcoming paper.
V. CONCLUSIONS
In conclusion, we showed that surface-plasmon resonances of single-crystalline gold nanoplatelets exhibit very similar behavior, only weakly depending on particle shape. Using FDTD we analyzed all plasmonic modes occurring in nanoplatelets. We found that the plasmonic behavior is dominated by wedge-plasmon modes propagating along the nanoplatelet edges, giving a very close correspondence between theory and experiment. Our results show the intriguing interplay of excited, whispering-gallery-like, and reflected SPPs in nanoplatelets.
